The period clock gene is expressed in central nervous system neurons which also produce a neuropeptide that reveals the projections of circadian pacemaker cells within 
The importance of the period gene (per) for circadian rhythmicity in the fruitfly Drosophila melanogaster is well documented (for review, see ref. 1 ). Mutations at the period locus lengthen, shorten, or apparently abolish the circadian rhythm of eclosion and locomotor activity of adult flies (1, 2) . The period gene product (PER), a predominantly nuclear protein (3), appears to be involved in circadian gene regulation at the transcriptional level (4) (5) (6) . Experiments involving mosaics (7) and brain-transplantation experiments (8) show that the focus for the action of PER maps to the brain. PER is found in the nuclei of the photoreceptor cells of the compound eye and the ocelli, in many glial cells throughout the brain, and in a few neurons (9) (10) (11) (12) . A circadian cycling in the abundance of PER is observed in all these cells (9, 10 ) and a cycling in the level of overall mRNA of PER can be measured (4, 5) . Cell bodies of PER-containing neurons lie in the posterior dorsal cortex of the central brain and in the lateral brain close to the optic lobe (9) (10) (11) (12) . Because of their position the latter were called lateral neurons (LNs) (9, 10) . Circumstantial evidence points to the LNs as the site for circadian pacemakers (9) (10) (11) 13) . In addition, PER-containing glial cells appear to be important for rhythmicity (11) .
The neuronal network that comprises the circadian clock, and the pathway by which the pacemaker neurons transfer the circadian information to subsequent cells, is still unknown. A major problem is that antisera raised against PER do not immunostain axons and dendrites of the LNs. Neurons that fulfill the anatomical criteria (i.e., location and arborization pattern) for pacemaker neurons have recently been described for cockroaches (14) , crickets (14) , and Drosophila (15) . These neurons immunoreact with an antiserum (16) against the pigment-dispersing hormone (f3-PDH) of the fiddler crab Uca pugilator. The PDHs, a family of octadecapeptides, were originally isolated from crustacean species (17) , where they trigger the light-adaptational migration of chromatophoral and retinal screening pigment (18) . Peptides similar to the crustacean PDHs were found in different insects (19) , and PDH-immunoreactive neurons could be revealed in the brain of a variety of hemi-and holometabolous insect species (14, 15, (20) (21) (22) (23) (24) . In Drosophila the most prominent PDH-immunoreactive neurons have somata at the anterior margin of the medulla and arborize extensively in the optic lobe and the brain (15) . Based on anatomical criteria, they are well suited to modulate the activity of many neurons in the optic lobe and to transfer the circadian information to the midbrain (15) . Since their somata are similar in location to the LNs, it was suggested that these are at least partly identical (15) . To test this hypothesis, double-label experiments were performed in the present study.
MATERIALS AND METHODS
To visualize PER-containing cells transformant flies (D. melanogaster) carrying a fusion between a fragment of DNA from the period locus and the sequences encoding the bacterial enzyme 3-galactosidase (12) were used. In these transformants 13-galactosidase expression is a faithful reporter of PER expression (12, 25) . 8-Galactosidase histochemistry was carried out on dissected whole-mount brains using the chromogen X-Gal (5-bromo-4-chloro-3-indolyl 3-D-galactopyranoside) as described by Liu et al (12) . Flies were maintained in a light/dark cycle (12 h:12 h). They were dissected in the early morning, just after the light turned on, since at that time the amount of PER is rather high (10) .
To visualize the PDH-immunoreactive neurons, an antiserum raised in rabbit (16) was used. The specificity of the anti-PDH antiserum has been well documented (14-16, 21, 22, 24 1A shows the typical distribution of PER-containing cells in the lateral brain and in the medulla of Drosophila. As found already by Ewer et at (11) and Frisch et at (13) , the PERcontaining LNs are arranged in two separate clusters. The first cluster (LNd) lies more dorsal and consists of 3-7 cells; the second one (LNv) is composed of 4-10 cells and is located more ventrally (at the level of the esophagus). A further group of f3-galactosidase-positive neuronal cell bodies lies in the superior protocerebrum dorsal to the calyces of the mushroom bodies and was named DN (dorsal neuron) (13) . This group is stained only in some preparations. Besides the neuronal cell clusters, many other PER-containing cells are found on the surface of the brain. Double-labeling with antibodies against PER and against the neuron-specific nuclear protein ELAV has shown that these cells are glial cells (11) . A large number of such PER-containing glial cells cover the surface of the medulla (Fig. 1A) .
PDH-Immunoreactive Neurons in the Brain of Drosophila. The distribution of the PDH-immunoreactive neurons is shown in Fig. 1B . Four to six large and up to four small PDH-immunoreactive cell bodies are stained between the medulla and the lateral protocerebrum. The large PDHimmunoreactive cell bodies are always intensely stained, whereas the four smaller ones are not stained in all preparations. The large cells have wide tangential arborizations over the surface of the medulla and send fibers through the posterior optic tract (Fig. 1B) to the contralateral medulla (15) ; the smaller ones appear to send processes into the superior protocerebrum, where they arborize dorsofrontal to the calyces of the mushroom bodies. In this region, they seem to contact another group of PDH-immunoreactive neurons (Fig. 1B) , which appears similar to the the group of PERcontaining DN (Fig. 1A) . These neurons seem to project first toward the pars intercerebralis and then via the median bundle downward to the esophageal foramen (15) . Their somata were only sometimes stained. A possible dendritic field of the PDH-immunoreactive neurons with somata at the anterior medulla lies in the accessory medulla, a small anterior appendage of the medulla (14) . (1995) with the immunostained large and small PDH somata at the anterior margin of the medulla (Fig. 2) . In 4 of the remaining 10 preparations, one or two of the f3-galactosidase-positive cells were not stained by the PDH antiserum; in 3 preparations, one soma was not PDH immunoreactive, whereas another soma was not f3-galactosidase positive (Fig. 3) , and in the other 3 preparations a single PDH neuron was not f-galactosidase positive (Fig. 4) . In spite of this variability, I suppose that the cluster of LNv is identical to the cluster of PDH-immunoreactive neurons at the anterior margin of the medulla. The observed variability in staining might be due to a real biological variability of the cells in expressing PER and PDH as well as to methodological reasons (incomplete staining).
The double staining, furthermore, shows that the arborizations of the PDH-immunoreactive neurons (LNvs) are always in close proximity to PER-containing glial cells. In the medulla, the varicose network of PDH-immunoreactive fibers is covered by a layer of PER-containing glial cells (Fig. 3) . Both cell types are in close vicinity and might have contact with each other. A similar proximity of PER-containing glial cells and processes of PDH-immunoreactive neurons (LNvs) is observed at the accessory medulla. Many PER-containing glial cells lie within and around the dense PDH immunoreactivity of putative dendritic origin in the accessory medulla (Figs. 2  and 4) . Similarly, the arborizations of the small PDHimmunoreactive neurons dorsofrontal of the calyces are in the vicinity of PER-containing glial cells.
Whether PER-and PDH-containing neurons in the superior protocerebrum (DN; Fig. 1 ) are identical could not be judged, since these neurons were immunostained in only two preparations, in which the f3-galactosidase-positive neurons remained unstained.
DISCUSSION
The present study shows that the PER-containing LNvs are identical to the small and large PDH-immunoreactive neurons and that circadian pacemaker neurons of Drosophila can be described in detail.
Putative Pathway from the Pacemaker Neurons to the Eyes and to the Locomotor Centers. The PER/PDH-containing neurons seem to have a dendritic field in the accessory medulla and axonal terminals on the surface of the medulla and in the superior protocerebrum (dorsal to the calyces of the mushroom bodies) (15) . In the accessory medulla, they may receive direct input from an extraretinal photoreceptor located at the posterior edge of the compound eye (27) . Projections from these photoreceptors extend to the accessory medulla and may be responsible for synchronizing circadian rhythms to light/ dark changes of the environment (27) .
The wide tangential arborizations of the PER/PDHcontaining neurons on the surface of the medulla seem appropriate to modulate the activity of columnar neurons in the optic lobe. Two circadian modulations have in fact been described among columnar neurons in the lamina of the housefly in the L2 monopolar cells (28, 29) . In this cell class, the number of feedback synapses upon the terminals of photoreceptor cells increases during the night, thereby possibly modulating the sensitivity of the compound eye (28) , and the girth of the axon in the lamina increases during the day (29) . In the housefly, the PDH-immunoreactive fibers extend into the lamina, and PDH seems to be involved in the circadian swelling of the L2 axons (E. Pyza and I. A. Meinertzhagen, personal communication). In Drosophila, the neurites of PDH cells fail to extend to the lamina but may have similar actions close to the terminals of L2 in the distal medulla. PDH neurites at this site in the housefly in fact exhibit a day/night oscillation in size, swelling during the day (E. Pyza and I. A. Meinertzhagen, personal communication).
A transfer of the circadian message from the PER/PDHcontaining neurons to the central brain is possible via the fibers that terminate in the superior protocerebrum. The superior protocerebrum is considered to be an integrative neuropil for the following reasons: (i) it receives inputs from different sensory neuropils (30, 31) ; (ii) it is linked to the neurosecretory system of the pars intercerebralis (32) ; and (iii) it seems to be indirectly connected via peptidergic pathways to descending neurons to the thorax (33) . This offers the possibility that the PER/PDH-containing neurons mediate the circadian message via two different pathways: through still unknown interneurons to descending neurons to the thorax and through neurosecretory pathways to neurohemal organs. In Drosophila, a transplant experiment suggests that hormonal pathways are involved in mediating the circadian information to the locomotor organs (8) , and there is some evidence that the PDH/PER-containing neurons themselves are neurosecretory cells (9, 15) . Whether PDH itself serves as hormonal mediator of the circadian information has still to be proven. The involvement of PDH in circadian pigment migration of Crustacea (34) shows that in these species it is important for mediating circadian signals. The same might be true for Drosophila. Alternatively, PDH could serve as a circadian neuromodulator of the activity of neurons in the superior protocerebrum and in the medulla.
Putative Relationship Between PER-Expressing Neurons and Glial Cells. The study reveals a putative relationship between PER-expressing neurons and glial cells, since processes of the PER/PDH-containing neurons are always accompanied by PER-containing glial cells. According to the classification of Strausfeld (30) the PER-containing glial cells belong to class 3 neuropilar glia. In the brain of Musca, this class of glia is found in all neuropil regions and invades the synaptic neuropil. In the medulla, a special form of this glial type (see ref. 30, plate 2.2.C) invades the tangential layers of the medulla by apical outgrowths from its soma. Similar apical processes outgrowing from the soma were observed in a few of the 13-galactosidase glial cells stained in this study. However, they were never entirely stained.
The role of PER-containing glial cells in circadian pacemaker systems is still unknown. There are indications that glial cells may play a role in the pacemaker function of the mammalian suprachiasmatic nuclei (SCN) (35) (36) (37) , of the eye of Bulla (38, 39) , and also in Drosophila (11) . In the mammalian SCN, glial cells show ultradian oscillations of calcium concentration (as observed in the SCN neurons), which can be influenced by neurotransmitters from the SCN neurons (36) . If glial activity is disrupted by different agents, the in vitro circadian rhythm of neural activity and the in vivo circadian activity rhythm are also disturbed (37) . In the mollusk Bulla, antigens exhibiting circadian fluctuations in their abundance were present in pacemaker and in glial cells (38, 39) . In Drosophila, PER-containing glial cells exhibit circadian fluctuations in the abundance of PER as do the PER-containing neurons (9, 10) . These data suggest that mutual interactions might exist between neurons and glial cells. A multioscillator model that takes such interactions into account was recently proposed for the mammalian SCN (40) . A variation of the interactions between glial cells and neurons proposed in the model results in a considerable change in the period of the overt rhythm. With this model, some aspects of the behavior of the period mutants (perL and pers) of Drosophila can be simulated by simply varying the influence of glial cells on the oscillators (41) . The histological results presented here show that PER-expressing LNs and PER-expressing glia might, indeed, physically interact with each other. Electron microscopic studies should further elucidate the relationship between these two cell types.
Besides the putative physiological role of PDH and the possible interaction of PER-expressing neurons and glial cells, Neurobiology: 
